Single-electron capture from the K shell of atomic targets by impact of protons at moderate and high energies has been studied using a first-order three-body Coulomb-Born continuum distorted wave approximation. The applied formalism satisfies the correct Coulomb boundary conditions. Single-zeta RoothaanHartree-Fock wave functions are used to describe the initial electronic bound state of the exchanged electron. Both differential and integral capture cross sections are calculated for impact of protons on carbon, nitrogen, oxygen, neon and argon atoms. The results are compared with the available measurements and other theories. The agreement between the calculations and experimental data is remarkable.
Introduction
Inner-shell electron capture in collisions of ions with atomic and molecular targets plays an important role in understanding the electronic structure of the targets, the correlation between electrons, collision mechanisms and the dynamics of various evolution processes in complex targets. Inner shell vacancy production is necessary for inner shell spectroscopic studies of atomic and molecular structures. Accordingly, the transfer of bound electrons from K and other inner shells in targets to fast ion pro-jectiles is an important process for inner shell vacancy production during ion-atom collisions. Thus a great deal of the experimental data and theoretical work on fast ionatom collisions has concentrated on inner-shell ionization and electron capture processes .
In a recent paper [23] , we applied a first-order three-body Coulomb-Born continuum distorted-wave model (CBDW-3B), originally proposed by Datta et al. [24] , to positronium formation from K shells of multi-electron atomic targets. For positronium formation from helium atoms at intermediate and high impact energies, the formalism gave reliable results for integrated cross sections which are both comparable with the corresponding measurements and compatible with other complicated formalisms. In a second paper [25] , the model was applied to single-electron capture in proton-helium collisions. For both differential and integral cross sections, at some of the considered impact energies, the agreement between the results and experimental data was better than that obtained from other complicated three-and four-body formalisms. In this paper, the CBDW-3B model is applied to evaluate the transition amplitude for one-electron capture from the K shell of atomic targets in collision with energetic protons. The single zeta wave functions are used to describe the initial bound state of the active electron and the differential and integral cross sections are calculated for a range of impact energies for which the approach is valid. The results are compared with available experimental data as well as other theories. Atomic units are used unless otherwise stated. The plan of the paper is as follows: the next section presents a summary of the CBDW-3B theory. The obtained results are reported and discussed in the third section and the concluding remarks are given in the last section.
Theory
A typical collision system for which there is no Coulomb residual interaction in the final channel has been the subject of many investigations. For single-electron capture in a such system, a detailed derivation of the post and prior forms of the CBDW-3B transition amplitude was presented in Refs. [23] [24] [25] . However, in order to keep the article self-contained, a summary of the method is given for the three-body rearrangement process, H + +A → H +A + , in which H is an hydrogen atom and A is a neutral atomic target. The CBDW-3B post and prior forms of the transition amplitude are given as
The modified interaction potentials and the initial and final distorted wave functions are given in coordinate space as
and
Z T is the effective nuclear charge of the target ion, Γ( ) is Euler's gamma function. Two vector sets (x T X T ) and (x P X P ) are the proper Jacobi coordinates in the initial and final channels to describe the kinematic of the whole system in the C.M. frame. Fig. 1 presents these sets of coordinates. q and q are the momenta of the incident and scattered particles, ψ (x T ) and ψ (x P ) are bound-state wave functions of the active electron in the entrance and exit channels, ν = (Z T − 1)/v is the initial Sommerfeld parameter, v is the impact velocity, and X is the distance between two heavy positive cores participating in the collision process. Using Eqs. (2) and (3), the post and prior forms of the transition amplitude can be written in their explicit integral forms in coordinate representation as;
Now, we assume that the initial K-shell bound state of the active electron is a linear combination of the single-zeta Slater basis orbitals as ψ (
, in which C 1 , C 2 and C 3 are the combination coefficients and the normalized single-zeta s-type orbitals are given as φ
The expansion coefficients C and exponent parameters ζ are both given in Ref. [26] . For transition to the 1 state of the produced hydrogen atom, inserting the initial and final wave functions in Eq. (5) leads to;
A similar form can be derived for the prior form of the amplitude by changes Z T → 1 and 2 (ζ) → 3 (ζ). In Eq. (6), 2 (ζ) has the following six-dimensional integral form;
The explicit integral forms of 2 (ζ) and 3 (ζ) are the same as that of 1 (ζ) but X should be replaced by T and P , respectively. Using the method explained in detail in Refs. [23] [24] [25] , the appearring six-dimensional integrals in 1 (ζ), 2 (ζ) and 3 (ζ) can be reduced to one dimensional integrals as;
in which
Here, the wave vector q is the momentum transfer experienced by the projectile during the collision process. The differential cross section for single K-shell electron capture in the laboratory frame is given by;
where M P is the mass of the proton and factor 2 is for two equivalent K-shell electrons in the initial channel. T denotes the post or prior form of the transition amplitude. The total capture cross section is given by;
which should be multiplied by 1.202 to account for the transition to the final excited states of the projectile according to the well-known Oppenheimer scaling rule.
Results
In this section the results for electron capture from the K shell of carbon, nitrogen, oxygen, neon and argon atoms by impacting protons are presented. The numerical values of cross sections calculated from post and prior amplitudes show that although the post values depend more sensitively on the reasonable choices of the effective nuclear charge of Z T , the prior cross sections are not very sensitive to such choices. In a three-body model, the three inter-related quantities, i.e. the effective potential, the one-electron orbital and the orbital energy of the active electron should be known in order to give a full description of the electron in its initial and final states [6] . Although, there is no way to derive the unique values of these three inter-related quantities, we have used a standard independent-electron model, in which the electron is assumed to move in an averaged Coulomb potential field with an effective nuclear charge Z T . Also, a combination of the single-zeta Slater basis wave functions along with its corresponding binding energy are used in our procedure to describe the initial bound state of the active electron. Let us consider as the binding energy of the active electron in its initial state. One way to relate the one-electron orbital and the orbital energy to Z T is to use the relation between the obtained from the selfconsistent Roothaan-Hartree-Fock method and the Z T for hydrogen-like atoms. Such a choice of these inter-related quantities is reasonable, since the K-shell electrons of the many-electron atoms behave nearly like a K-shell electron in a hydrogen-like atom, and also our findings show that the CBDW-3B formalism with this value of nuclear charge gives a better description of both the differential and total cross sections. In following, our discussion continues only with Z T = √ −2 . Figure 2 shows the calculated differential cross sections (DCS) for the single-electron transition from the K shell of carbon atoms to the ground state of produced hydrogen at incident energies of 200, 300, 400 and 600 keV. 
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Exp. Data [14] As is seen from the graphs, both post and prior cross sections have a kinematical peak at the extreme forward scattering angles. Prior CBDW-3B DCS for all considered impact energies show a sharp minimum after the kinematical peak. In contrast to the theoretical prediction of such a sharp dip in the first-order perturbative approaches for different charge-exchange reactions [6, 23, 25, 27, 28] , the dip is called "unphysical" in the literature since it is not observed in the experimental measurements [6, [29] [30] [31] [32] . For lower energies the post curves fall almost monotonically, hence this minimum is not present in these curves. But with increase in energy this minimum appears gradually in post curves too. For an incident energy of 200 keV, this minimum occurs in the prior curve approximately at an angle of 1 mrad. With increasing energy it shifts smoothly toward smaller angles. The occurrence of this minimum is due to the destructive interference of the partial amplitudes from the attractive and repulsive parts of the interaction potential. Although the mentioned minimum comes from the destructive interference of the partial amplitudes, both its occurrence and its location depend on the integrand functions in Eqs. (4) and (5) . The initial wave function is a function of x T while the final wave function is a function of x P . For post cross sections, the sharp dip occurs if the complex functions 1 (ζ) and 2 (ζ) have the same arguments and the same order of magnitude, while for the prior cross sections this dip is observed if a similar situation occurs for 1 (ζ) and 3 (ζ). Below a scattering angle of 1.5 mrad, the prior results are always less than the results of post amplitude. Although, at the incident energy of 200 keV the post results differ significantly from prior amplitude results at this angular region, with increase in energy the difference decreases. For the angular region beyond 1.5 mrad, the difference between post and prior results is very marginal and the corresponding related curves nearly coincide with each other at most of the scattering angles. As is expected at very high energies the post and prior results tend towards each other.
The experimental data for K-shell single-capture DCS measured by Horsdal-Pedersen et al. [14] are also shown in Fig. 2 . As is seen from the graphs, the agreement between the present calculations and the depicted measurements is good especially for moderate impact energies of 200, 300 and 400 keV. As the impact energy increases, the second-and higher-order terms in perturbation methods find more significant contribution in the transition amplitude and a first-order approximation is not appropriate for the presentation of all the features exhibited in the experimental values.
For incident energies of 400 and 600 keV, the three-body continuum distorted wave (CDW-3B) calculations [11] are compared with the present results in Fig. 2 . The CDW-3B calculations show a kinematical peak, a dip due to the occurrence of the cancelation between partial amplitudes and a secondary maximum. The dip in the CDW-3B results occurs nearly at the same angle in which the sharp minimum of the prior CBDW-3B DCS appears. For 400 keV protons, the agreement between the present results and experimental measurement is better than CDW-3B agreement with such measurments, while the situation reverses for 600 keV protons.
Similar calculations are carried out for the DCS for Kshell single-electron capture from nitrogen atoms at 2.5 and oxygen atoms at 3.4 MeV. As will be seen, for the considered impact energies the post and prior total cross sections of these reactions are nearly equal. However, the calculations show some marginal differences between their post and prior differential cross sections. It is reasonable because the differential cross sections give more detailed information on collision dynamics.
In Fig. 3 , the angular distributions of the K-shell singlecapture DCS for collisions of fast protons with neon atoms at incident energies 500, 700, 1000 and 1500 keV are shown and compared with the corresponding measurements from Horsdal-Pedersen et al. [14] . For an impact energy of 1500 keV the CDW-3B results [11] are also depicted. Although most of the features which were discussed for Fig. 1 appear in these graphs, the difference between post and prior results at larger scattering angles is considerable for lower energies. For lower energies the prior CBDW-3B formalism gives a better description of collision dynamics with respect to post calculations. For larger scattering angles and higher impact energies the calculated cross-sections of both the post and prior approximations agree very well with experimental data. It is obvious that the prior approximation is in reasonable accord with the existing experimental data beyond the unphysical minimum. In contrast to 400 keV proton-carbon collisions, the figure shows that for 1.5 MeV proton-neon collisions, the CDW-3B results are a little better than the present results.
Differential cross-sections for single-electron capture by 6 MeV protons from the K-shell of argon atoms are shown in Fig. 4 and compared with experimental values [20] and with the CDW-3B theory [11] . The largest differences between the post and prior curves occur between 0 and 1 mrad. At 1 mrad, the curves cross and then gradually diverge with an increase in the scattering angle. However, for this angular region the agreement between both the post and prior calculations with measurements is very good. Further, in this region the present results are clearly compatible with CDW-3B calculations. The integrated cross sections for K-shell single electron capture in collisions of protons with carbon atoms are displayed in Fig. 5 . The results are also compared with other theoretical results and available experimental findings [16] . As can be seen from the figure, the prior CBDW-3B results show good agreement with the observed data, especially at higher energies. The agreement of prior values with measurements is obviously compatible with distorted strong-potential Born (DSPB) calculations [7] and CDW-3B findings [17] . However, post results overestimate other calculations and are in poor agreement with the experiment.
The predictions included in Fig. 5 show that for protoncarbon collisions, prior calculations give rather good agreement with measurements over the whole considered energy region, except for energies below 400 keV for which calculations overestimate experiment. In general, for this reaction, the prior CBDW-3B approximation is found to result in better agreement with experimental cross-sections compared to the DSPB [7] formalism for energies over 400 keV and to the CDW-3B model [17] for energies lower than 1 MeV.
The present calculated integral cross sections for 1s-1s single electron capture by fast protons from nitrogen, oxygen, neon and argon atoms are displayed respectively in figures 6-9 and compared with their experimental values and other theoretical findings.
As can be seen from the figures, for all specified collision systems, except for the proton-nitrogen collision, prior results generally agree well with experiment while post results generally overestimate the cross sections, with increasing deviation due to decreasing energy. For proton-nitrogen collisions the post and prior CBDW-3B total cross sections are in close agreement with each other and are in excellent agreement with experimental measurements.
The results from the continuum distorted wave-eikonal initial state (CDW-EIS) [4] and DSPB [7] approximations are depicted in Figs. 8 and 9 . The prior CBDW-3B results are in general larger than CDW-EIS and DSPB predictions and the present formalism is less satisfactory in comparison to that given by these theories.
An overview of the figures presented in this section and their related discussions raises questions. The questions we are interested in are: for the specified chargeexchange reactions, which one of the post and prior versions of the CBDW-3B formalism better describes the collision dynamics? Can the post approximation be improved and if so, how? It is well-known that the post-prior discrepancy for rearrangement collisions originates from the fact that the Hamiltonians defining initial and final states are different. Then, if approximate wave functions are used [11] Exp. Data [14] p-Ne 1500 keV CBDW-3B (post) CBDW-3B (prior) CDW-3B [11] Exp. Data [20] p-Ar E = 6 MeV to describe the initial and final states of the system, the post-prior equality does not hold. For many-electron targets or dressed projectiles the post-prior discrepancy depends on the procedure applied to describe atomic states. One way to avoid this inequality is the use of the arithmetic average of the post and prior forms of the transition amplitude [33] . The second way to preserve the post-prior equivalence, is to adopt the parameterization by Green, Sellin, and Zachor which is useful to determine atomic CBDW-3B(post) CBDW-3B(prior) DSPB [7] CDW-3B [17] Exp. Data [16] p-C quantities with a good approximation and which has been successful in various collision calculations [34] [35] [36] . However, as is generally accepted and our results show, for the asymmetric three-body rearrangement collisions with Z T > Z P , the prior form of the amplitude would be preferred since the expansions in terms of the weaker perturbation U might be expected to converge more rapidly [37] . Although, it is found that the prior CBDW-3B approximation is remarkably successful in describing some of the [27] Exp. Data [28] Exp. Data [29] Exp. Data [30] p-N aspects of the existing experimental (differential and integral) cross-sections for the considered asymmetric collision systems, it is not expected that a three-body model would exhibit all the features of these complex collision systems. Accordingly, for some cases (for example for proton-neon collisions), the post results are a little better than their corresponding prior values. This exceptional behavior possibly originates from the outer shell electron configurations. However, for such cases, the difference between the post and prior calculations is marginal and using the average amplitude is proposed to avoid the postprior discrepancy. Also, as is mentioned above, the post CBDW-3B formalism is sensitive to the effective nuclear charge of the target. On the other hand, there exist two equivalent electrons in the K shell of the atomic target. Therefore, it is expected that the post results would be improved if the theory is extended to a four-body formalism. We may also remark that the static inter-electron correlation effects which originate from the pure Coulombic interactions between the active electrons in multi-electron atomic targets occasionally become important. Static correlation refers to the difference between an exact manybody structure calculation and a Hartree-Fock (HF) evaluation. This means, that a wave function more complicated than the scaled hydrogenic wave functions is required to describe more of the aspects of such systems adequately. Hence, considering more accurate wave functions for the initial state of the active electron improves the post results and also decreases the post-prior discrepancy of the specified charge-exchange reactions.
Summary and conclusions
In summary, it has been shown that a CBDW-3B approximation to the transition operator for K-shell single- [4] DSPB [7] Exp. Dtta [16] Exp. Data [19] p-Ne electron capture from multi-electron atomic targets leads to differential and total cross sections which are in good agreement with experimental measurements at moderate and higher impact energies. Both post and prior amplitudes were derived as one dimensional integrals which have quick and straightforward numerical computations. Although the prior amplitudes are not so sensitive to the target nuclear effective charge, the post results are very sensitive to different values of this parameter. In comparison with the post results, the prior results in general give a better description of both differential and total cross sections. For total cross sections, the proton-nitrogen collision is an exception for which the post and prior results are compatible and even the post results are in better agreement with measurements. For such cases, since the difference between the post and prior cross sections is not considerable, using the average transition amplitude is proposed. The post results can be improved if the CBDW-3B theory is extended to its four-body version and/or more accurate wave functions are used to describe the initial bound-state of the involved electrons. The ob- [4] DSPB [7] Exp. Data [12] Exp. Data [21] p-Ar tained differential cross sections are compatible with the results obtained from the CDW-3B formalism. Although, for proton-carbon collision the obtained prior CBDW-3B total cross sections are in better agreement with experiment in comparison with CDW and DSPB formalisms, the situation is reversed for the impact of proton on neon and argon atoms.
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